Bio-oil from Fast Pyrolysis of Empty Fruit Bunch at Various Temperature  by Sembiring, Kiky C. et al.
 Energy Procedia  65 ( 2015 )  162 – 169 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of EBTKE ConEx 2014
doi: 10.1016/j.egypro.2015.01.052 
Conference and Exhibition Indonesia - New, Renewable Energy and Energy Conservation 
(The 3rd Indo-EBTKE ConEx 2014) 
 
 
Bio-oil from Fast Pyrolysis of Empty Fruit Bunch  
at Various Temperature 
Kiky C Sembiring a*, Nino Rinaldia, Sabar P Simanungkalita 
aResearch Center for Chemistry, Indonesian Institute of Sciences  
Kawasan Puspiptek Serpong Tangerang Banten 15314, Indonesia  
Abstract 
World concern about depletion of fossil fuel and energy security supply has driven into increasing awareness about biomass 
derived energy. Empty fruit bunch (EFB), one of the major palm oil-derived biomass available in Indonesia, is a potential 
source for fuel production. Pyrolitic conversion of EFB to bio-fuels is being considered for national energy security and 
environmental advantages. The objective of the work is to determine the effect of reaction temperature and time on the EFB 
fast pyrolysis optimization. Elemental analysis composition and physical properties of bio-oil show increase in carbon 
content, decrease in oxygen, hydrogen, and nitrogen content with increases the pyrolysis temperature.  
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Nomenclature 
C celcius 
CO carbon monoxide 
CO2 carbon dioxide 
CPO crude palm oil  
DTA differential thermal analysis 
EFB empty fruit bunch 
EPFB empty palm fruit bunch 
FFB fresh fruit bunch 
g gram 
GC/MS  gas chromatography/mass spectroscopy 
h hour   
H2 hydrogen 
HHV      higher heating value 
kg kilogram 
LHV lower heating value 
mf wt moisture free weight (basis) 
min minute 
Mj megajoule 
NOx nitrogen oxides  
s second 
SO2 sulfur dioxide 
μm micrometer 
1. Introduction 
The increasing interest of renewable energy from biomass in consequence of the growing concerns over 
declining fossil oil reserves and increases in energy demand and costs [1,2]. Biomass is a mixture of three 
components (hemicellulose, cellulose and lignin) and minor amounts of other organics. Biomass is considered as 
clean energy [3] because it contains negligible amounts of nitrogen, sulphur and ash compared to conventional 
fossil fuels, which results in lower emissions of SO2, NOx, and soot than do conventional fossil fuels [4,5]. In 
addition, CO2 released from biomass is resolved into plants by photosynthesis. 
Indonesia has become the largest CPO in the world since five years ago with an average production is       
2.35 1013 g per year.  For each kg of palm oil roughly another four kg of dry biomass are produced, 
approximately a third of which is found in FFB derived wastes and the other two thirds is represented by trunk 
and frond material [6,7]. About 7.8 106 g EFB is available annually for renewable energy source.  
Pyrolysis is a rapid decomposition of organic materials in the absence of oxygen which results in the 
production of liquid, gaseous and charcoal products [8]. It is a promising thermal approach that can be used to 
convert biomass into energy in the forms of liquid bio-oil, solid bio-char, and syn-gas composed of H2, CO, CO2 
and lower molecular weight hydrocarbon gases [9-11]. Several of various advantages of pyrolysis over other 
methods of energy conversion are these are drastic reduction of solid residue volume [12], carbonaceous matrices 
containing heavy metals are relatively resistant to natural lixiviation [13,14], high energy value oil and gas 
products that can be potential fuels, and lower temperature of the process in comparison to incineration, thus 
limiting gas pollutants due to absence of air lowering dioxins [15]. 
For pyrolysis of biomass, the whole process generally proceeds through a series of complex reaction pathway 
or divides into four ranges: where < 220 °C is for moisture evolution; 220 °C to 315 °C for predominantly 
hemicellulose decomposition; 315 °C to 400 °C for cellulose decomposition; > 400 °C for lignin decomposition 
[10,16-17]. In order to obtain maximum liquid product, high heating rates and short reaction time is needed. Fast 
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pyrolysis could be achieved through rapid heating rates of 10 to > 1000 oC  s–1, short residence times of < 2 s, 
temperatures of 400 °C to 650 oC, and rapid quenching of vapors [14,18]. The produced liquid is a homogeneous 
hydrophilic (oleophobic) mixture of polar organics and water from both the pyrolysis reaction and the original 
water in the feedstock. 
The objective of this experiment was to determine the effect of reaction temperature and time for production 
of bio-oil from EPFB and to optimize the process for bio-oil yield. The reactions were carried out under various 
reaction temperature and reaction time. 
2. Materials and methods  
2.1. Raw materials 
Empty Fruit Bunches (EFB) used in the experiments was supplied by PT Perkebunan Nusantara IV Medan. 
The particle size in 70 mesh was used directly as the feedstock that fed into the feeder after thermal pretreatment 
at 50 °C for 2 h. The moisture content of the feedstock was also measured to ensure that it was less than 10 % on 
a dry feed basis. 
2.2. Pyrolysis experiment 
The fluidized bed reactor has been selected for this study due to easy construction and operation during the 
process and also has been popularly used by several researchers in the similar work. The present work was 
carried out on a fluidized bed reactor with the nominal capacity of 500 g  h–1 and was operated at atmospheric 
pressure. The schematic diagram of this unit is shown in Fig. 1. The fluidized bed reactor unit consists of three 
main parts, the feeder, reactor and product collection system. The reactor is a stainless steel cylinder with a 
length of 400 mm and an inner diameter of 50 mm. Inert sand is utilized as heating medium in the reactor with 
the size between 355 μm and 500 μm. The sand fills the reactor to a depth of approximately 81 mm and expands 
during fluidization to 400 mm. The fluidizing gas is nitrogen, which was preheated prior to entering the base of 
the reactor.  
During the pyrolysis, the char is separated from the product stream in two series cyclones. On The 
condensable vapours are collected in the liquid products collection system, which consists of two cooled 
condensers. The incondensable gases leave the system through a cotton wool filter. The schematic diagram of 
this pyrolysis unit is shown in Fig. 1. 
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Fig. 1. Diagram of the fluidized bed pyrolysis system 
 
The effect of temperature was investigated by carrying out the fast pyrolysis experiments over the 
temperature range of 400 °C to 650 °C. The impact of varying vapour residence time was controlled by changing 
the nitrogen flow rate. 
2.3. Products characterization 
The pyrolysis liquid was analyzed using the GC/MS which performed  with  a Agilent Technology 19091S-
433E HP-5MS equipped with a 30 mm × 250 mm × 0.25 mm capillary  column.  The starting temperature was    
70 °C.  It  was  held  for  2  min  before  the temperature  was  increased  to  290 °C  at  the  rate  of  15 °C  min–1 
and  held  at  its  temperature  for  16  min.   
    The carbon, hydrogen and nitrogen contents of bio-oils were determined using a Euro EA3000 series, 
Elemental Analyzer. The calorific value of the bio-oils was calculated based on bio oil chemical components.  
3. Results and discussions 
3.1. Feedstock preparation 
The properties of EFB used in this research are given in Table 1. The sample was tested using combustion 
analysis method for elemental analysis and ASTM method for proximate analysis. 
From the elemental analysis, it was found that the mass fraction of volatiles, fixed carbon, moisture, and ash 
content were 70.64 %, 18.42 %, 6.39 %, and 4.55 %, respectively. From the elemental analysis, a trace content of 
nitrogen and sulphur indicated that EFB is environment friendly. In the other hand, the oxygen content of EFB is 
more than 40 %, hardly different with the oxygen content in fossil fuel, which is quite small. High oxygen 
content results in low HHV. Therefore, the EFB biomass is relatively hard to burn. Furthermore, the high O/Ceff 
ratio 0.75 cause the EFB biomass need initial pretreatment prior to be burned. 
 
 
 
 
166   Kiky C. Sembiring et al. /  Energy Procedia  65 ( 2015 )  162 – 169 
Table 1. Properties of EFB 
 
Component/Property Measured  Method 
Elemental analysis   
Carbon 43.6 Combustion analysis 
Hydrogen 6.31 
Nitrogen 0.73 
Sulphur 0.13 
Oxygen 49.23  
Proximate analysis   
Moisture 6.39 ASTM E871 
Volatiles  70.64 ASTM E872 
Ash 4.55 NREL LAP005 
Fixed carbon 18.42  
HHV [Mj/kg dry] 18.96  
LHV [Mj/kg dry] 17.47  
 
The thermal degradation behaviour of EFB is displayed in Fig 2 using DTA curve. Weight loss through 
evaporation of extractives is suggested to occur from 100 oC to 220 oC, as also suggested by Raveendran et al 
[19], which are present in minor quantities in EFB. The DTA curve shows two peaks, the peak just below 300 oC 
is considered to cellulose and hemicelluloses [20,21], while the peak just above 400 oC is for lignin degradation 
[21]. 
 
 
 
Fig. 2. Differential thermal analysis curve of empty fruit bunch 
3.2. Effects of fast pyrolysis temperature on products yields 
Bio-oil, char and gas were determined at three fast pyrolysis temperatures; 400 ͼC, 500 ͼC and 600 ͼC. The 
pattern of pyrolysis temperature effect can be seen in Fig 3. Increasing the fast pyrolysis temperature from           
400 ͼC to 500 oC would increase the bio-oil product, while the char and gas products decreased. Fast pyrolysis at   
500 oC yielded 27 % bio-oil, 23 % gas and 50 % char.  Higher temperature of pyrolysis results in higher heating 
rate, the lower effect of mass transport limitations and higher lignin degradation that may result in higher oil 
production [8, 22]. The increase of the heating rate leads to decrease the char yield. This may be related to the 
rapid heating leads to a fast depolymerization of the solid material to primary volatiles. Further increasing the 
pyrolysis temperature into 600 oC has decreased the bio-oil and char products and increased the gas produced. 
The increase in gaseous products at higher pyrolysis temperature of 600 ͼC might be due to secondary cracking 
of the pyrolysis vapors and secondary decomposition of the char [22]. Therefore, maximum bio-oil yield was 
obtained at 500 oC. 
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Fig 3. Impact of fast pyrolysis temperature on product yields 
 
3.3. Chemical Properties of Bio-oil Liquid Product 
The fast pyrolysis bio-oil liquid product separated in two phases; a phase predominated by tarry organic 
compounds and an aqueous phase. A comparison of key properties of the bio-oil liquid and heavy fuel oil is 
summarised in Table 2. The viscosity of the aqueous phase is close to that of water and due to the water content, 
the lower heating value of the bio-oil was not measured. For the bio-oils, high water content in combination with 
a high O/C atomic ratio gives poor calorific values and the high oxygen content is not attractive for the 
production of transport fuel. Therefore, it needs to upgrade bio-oil products for future research. 
 
Table 2. Characteristics of bio-oil compared to petroleum fuel [23] 
 
 Bio-oil Light fuel oil Heavy fuel oil 
C 11.47 86.0 85.6 
H 9.64 13.6 10.3 
O 78.83 0 0.6 
N 0.04 0.2 0.6 
S 0.02 < 0.18 2.5 
Moisture (%) 65 0.025 0.1 
LHV [Mj/kg dry]  40.3 40.7 
 
GC-MS analysis was carried out in order to get the nature and type of organic compounds in the fast pyrolysis 
liquid products. Table 3 lists the possible compounds identified by the MS search libraries of the bio-oil. A great 
range of functional groups of phenol, alcohols, ketones, aldehydes and carboxylic acids were indicated and most 
functional groups show presence of oxygen. The highest percentage of area was lauric acid at 30.02 %. 
Presence of abundant aldehydes and ketones make this aqueous phase of the oil hydrophilic and highly hydrated, 
which makes it difficult to eliminate water from the bio-oil. 
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             Table 3. Chemical property of bio-oil 
 
Component  Concentration (%) 
Acetic acid 8.19 
2-cyclopentanone 3.43 
Phenol 6.13 
Octanoic acid 7.56 
1,2-benzenediol 2.58 
Capric acid 7.49 
Benzaldehyde 0.61 
Lauric acid 30.02 
Myristic acid 4.5 
Palmitic acid 0.13 
Isovanilic acid 0.25 
3,5-dimethylcyclopentenolone 0.31 
1,2-propanediol 1.59 
Hexadecanoic acid 1.65 
Hexanoic acid 0.37 
Conclusion 
The study of fast pyrolysis experiments of oil palm empty fruit bunches has been performed in a fluidized 
fixed bed reactor. The highest bio-oil yield of 27 % was obtained at an optimum pyrolysis temperature of 500 qC 
with particle size of 70 mesh. The higher treatment temperature has led to lower bio-oil yields. The produced bio-
oil contained a great range of functional groups of phenol, alcohols, ketones, aldehydes and carboxylic acids and 
most functional groups show presence of oxygen. The high water content in combination with a high O/C atomic 
ratio of produced bio-oil gives poor calorific values. Therefore, it needs to upgrade bio-oil products for future 
research. 
Acknowledgements 
The authors would like to thank Indonesian Institute of Sciences for fully funding the work described in this 
publication. The authors also gratefully acknowledged to Adid Adep Dwiatmoko for the technical sharing and 
discussion about fast pyrolysis during this study of fast pyrolysis reaction to obtain bio-oil.  
References  
[1]  Demirbas A. Biomass resource facilities and biomass conversion processing for fuels and chemicals. Energy Conversion and 
Management    2001;42:1357-1378. 
[2]  Yang C, Zhang B, Moen J. Fractionation and characterization of bio-oil from microwave-assisted pyrolysis of corn stover. Int J 
Agric & Biol Eng 2010;3(3):54-61. 
[3]  Speight JG. Handbook of industrial hydrocarbon processes. Boston: Elsevier; 2011.  
[4]  Zhang Q, Chang J, Wang T. Upgrading bio-oil over different solid catalysts. Energy & Fuels 2006;20(6):2717-2720. 
[5]  Borjesson PI. Emission of CO2 from biomass production and transportation in agriculture and forestry. Energy Conversion and 
Management 1996;37:1235-1240. 
[6]  Yusoff S. Renewable energy from palm oil - innovation on effective utilization of waste. J of Cleaner Production 2006;14:87-93. 
[7]  Husin M, Ramli R, Mokhtar A et al. Research and development of oil palm biomass utilization in wood-based industries. Palm Oil 
Developments 2002;36:1-5. 
[8]  Yang H, Yan R, Chen H, Zheng C, Lee DH, Liang DT. In-depth investigation of biomass pyrolysis based on the three major 
components: hemicellulose, cellulose and lignin. Energy & Fuels 2006;20:388-393. 
[9]  Boateng AA, Hicks KB, Vogel KP. Pyrolysis of switch grass (Panicum virgatum) harvested at several stages of maturity. J Anal 
Appl Pyrolysis 2006;75:55-64. 
[10]  Yang H, Yan R, Chin T. Analysis-fourier transform infrared analysis of palm oil waste pyrolysis. Energy & Fuels 2004;18:1814-
1821. 
[11]  Rao RT, Sharma A. Pyrolysis rates of biomass material. Energy 1998;23:973-978. 
 
 Kiky C. Sembiring et al. /  Energy Procedia  65 ( 2015 )  162 – 169 169
[12]  Inguanzo M, Domı´nguez A, Mene´ndez JA. On the pyrolysis of sewage sludge: the influence of pyrolysis condition. J Anal Appl 
Pyrolysis 2002;63:209–222. 
[13]  Caballero JA, Font R, Marcilla A. Mathematical consideration for non isothermal kinetics in thermal decomposition. J Anal Appl 
Pyrolysis 2001;58:617-633. 
[14]  Bridgwater AV, Peacocke GVC. Fast pyrolysis processes for biomass. Renewable Sustainable Energy Rev 2000; 4:1-73. 
[15]  Liu Q, Zhong Z, Wang S. Interaction of biomass components during pyrolysis: a TG-FTIR study. J Anal Appl Pyrolysis 
2011;90(2):213-218. 
[16]  Yang H, Yan R, Chen H, Zheng C, Lee DH,  Liang DT. Influence of mineral matter on pyrolysis of palm oil wastes. Combust. 
Flame 2006;146:605-611. 
[17]  Rahman SHA, Choudhury JP, Ahmad AL, Kamaruddin AH, Optimization studies on acid hydrolysis of palm oil empty fruit 
bunch fiber for production of xylose. Bioresour Technol 2007;98:554-559. 
[18]  Balat M, E Kirtay , Balat H. Main outes for the thermo-conversion of biomass into fuels and chemicals. part I: pyrolysis systems. 
Energy Convers Manag 2009;50:3147-3157.  
[19]  Raveendran K, Ganesh A, Khilar KC. Pyrolysis characteristics of biomass and biomass components. Fuel 1996;75(8):987-98.  
[20]  Sulaiman F, Abdullah N. Optimum condition for maximising pyrolysis liquids of palm oil empty fruit bunches. Energy 
2011;36(5):2352-2359.  
[21]  Ramiah MV. Thermogravimetric and differential thermal analysis of cellulose, hemicelluloses,and lignin. J Appl Polymer Science 
1970;14:1323-1337. 
[22]  Onay O. Influence of pyrolysis temperature and heating rate on production of bio-oil and char from safflower seed by pyrolysis, 
using a well-swept fixed-bed reactor. Fuel Processing Technology 2007;88:523-531. 
[23]  Chiaramonti D, Oasmaa A, Solantausta Y. Power generation using fast pyrolysis liquids from biomass. Renewable and 
Sustainable Energy Reviews 2007;11(6):1056-86. 
 
